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Abstract 
 
The influence of carbon content on an iron-chromium cermet composite reinforced with Ti(C,N) (50 
vol%) has been studied. A thermodynamic simulation was performed using the ThermoCalc 
software to calculate the phase diagram of the composite. The results were validated by a thermal 
study performed using differential thermal analysis (DTA), and cermet samples with C percentages 
between 0 and 1 wt% added to the steel matrix were prepared using a conventional powder 
metallurgy process. The sintered samples were characterised by measurements of density and 
hardness, microstructural analysis using scanning electron microscopy (SEM), microanalyses 
using energy dispersive X ray spectroscopy (EDX) and X-ray diffraction (XRD).  The results 
obtained show a significant influence of the C percentage on the solidus temperature, which 
influences sintering behaviour, leading to changes in the Ti(C,N) particles´ shape and composition, 
due to changes in the stoichiometry of the Ti(C,N). This influence is reflected in the cermet 
microstructure and hardness. The results are discussed with reference to the DTA and 
thermodynamic studies. 
 
1. Introduction 
 
Ti(C,N) -based cermets, with Ni and/or Co binders, are used increasingly in the cutting and forming 
industry, due to their high thermal and chemical stability and their excellent combination of 
hardness, oxidation resistance and toughness [1, 2]. However, the use of Co and Ni as metallic 
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matrixes presents health concerns due to the toxicity of these elements, which have been included 
in the lists of the International Agency for Research on Cancer (IARC). The elevated and 
fluctuating price of Co is also a concern [3]. 
 
For these reasons, there is growing interest in identifying alternative matrixes for cermets and 
cemented carbides. One of the most interesting candidates is Fe because of its lower price and 
toxicity and its ability to be hardened by heat treatment. In fact, Fe-based composite materials can 
be found on the market, commercialised as FerroTitanit® and FerroTiC®, which are composed of 
Fe alloys as a matrix and TiC as reinforcement, instead of Ti(C,N). The use of Ti(C,N) is preferred 
to TiC due to its greater hardness and strength, higher thermal conductivity and lower mass gain at 
high temperatures [6]. However, the use of Fe as a matrix makes processing more difficult 
because of the poor wettability of the liquid phase of Ti(C,N) particles during the sintering step. 
Some alloying elements and compounds, such as Cr, Mo, Mo2C and W, have been reported to 
improve the wettability by decreasing the contact angle between the liquid matrix and the ceramic 
particles [7, 8], consequently improving the sinterability of the cermet. The carbon content also 
plays an important role in the sinterability and properties of Ti(C,N)-based cermets, as has been 
reported by some authors [9-11]. These studies are, however, related to Co- or Ni-based cermets; 
no studies are reported for Fe matrixes, although the phase transformations in steels are expected 
to have an influence. The study described in this paper was conducted to understand the 
combined influence of Cr and C on the sinterability, microstructure and properties of Fe- Ti(C,N) 
cermets. For this purpose, a prealloyed powder containing 16 wt% Cr, which corresponds to a 
commercially available 430L-grade stainless steel, was used as the matrix, and the carbon content 
was varied between 0 wt% and 1 wt%. The study includes a thermodynamic simulation of the 
Fe16Cr- Ti(C,N) system and validation of the results by experimental tests. Samples were 
produced by pressing and sintering, and a complete characterisation of the samples makes it 
possible to explain the differences found in the properties of the materials with different carbon 
contents. 
 
2. Experimental Procedure 
 
2.1 Fabrication of composite specimens 
The matrix material used in this research was a prealloyed powder with a nominal composition of 
16.2 wt% Cr, 0.75 wt% Si, 0.71 wt% Mn, and 0.026 wt% C, corresponding to stainless steel of 
grade 430L. Additional graphite (from ISTAM, ρ = 2.24 g/cm3 and D50 = 18 μm) was added to the 
metallic matrix in the following amounts: 0.0, 0.25, 0.5, 0.75, and 1.0 wt% C with respect to the 
matrix weight. The reinforcement material was Ti(C,N), using a fixed amount of 50 vol% 
(equivalent to 40 wt%), so that the carbon content of the materials studied can be expressed as 
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[430+x wt% C]/ Ti(C,N) (where x is 0, 0.25, 0.5, 0.75, or 1.0). The characteristics of the starting 
powders are shown in Table 1.   
 
Table 1. Characteristics of the raw materials, from supplier data and experimental data. 
 
The starting powders were blended for 4 hours in a Turbula® multidirectional mixer to ensure 
complete homogenisation. The powders were then cold-pressed into rectangular bars (12x30x3 
mm) at 700 MPa in a uniaxial die and sintered in a vacuum (10-4 mbar) at 1450 ºC for 60 minutes.  
2.2 Thermodynamic simulation and thermal analysis 
A thermodynamic study to calculate the phase equilibrium diagram for the cermet and the matrix 
was performed using the Thermocalc software in combination with the TCFE5 database [12] 
(Scientific Group Thermodata Europe).  
The thermal behaviour of the cermets with different C contents was studied by differential thermal 
analysis (DTA) on green compacts, using a SETARAM device (SETSYS Evolution 16/18). The 
analyses were conducted in an Al2O3 crucible under an Ar (99.999 %) atmosphere up to 1700 °C. 
The heating and cooling rates for all of the specimens were 20 °C/min. 
 
2.3 Characterisation and microstructural evolution 
The sintered samples were characterised by measuring their density and hardness, as well as by 
studying their microstructural evolution using X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). Density was measured using an Accupyc He Pycnometer, which makes it 
possible to calculate the closed porosity. Hardness was measured in polished cross sections of the 
samples using a 30 kg load and expressed on the Vickers scale (HV30). The microstructure was 
examined using a Philips XL-30 scanning electron microscope (SEM), coupled with an electron 
dispersive X-ray (EDX) system that enables the identification of elements present in the different 
phases of the specimens. Philips X´Pert equipment was used for the X-ray diffraction (XRD) 
analyses, performed for phase identification and crystalline analysis. From the X-ray diffraction 
spectra, the Ti(C,N) lattice parameter was calculated using Cohen´s method [13], which was 
chosen to avoid systematic measurement errors in the calculation of the lattice parameter from the 
diffraction angle [14]. 
3. Results and discussion 
 
3.1. Thermodynamic calculation of the phase diagram 
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The phase diagrams shown in Figure 1 were calculated using the Thermocalc software. The 
diagram in Figure 1a corresponds to the composition of the 430L stainless steel (Fe16Cr) with 
respect to the carbon content. This diagram, obtained using the Thermocalc software, agrees well 
with Fe-Cr-C diagrams found in the literature [15]. The diagrams obtained using the Thermocalc 
software can therefore be considered good first approximations of the thermodynamic calculation 
of this material. The diagram in Figure 1b corresponds to the same steel with Ti(C,N) additions, 
calculated with the objective of determining the differences expected in the microstructure. 
To calculate the equilibrium phase diagram shown in figure 1b, taking into account the presence of 
Ti(C,N) in the steel matrix, the elements Ti, C and N were introduced in the calculation in the mass 
percentages that correspond to a mixture containing 430/Ti(C,N) of 50 vol% each. The amount of 
C was varied considering the additional C added to the mixture (0.25 wt%, 0.5 wt%, 0.75 wt% and 
1.0 wt% with respect to the weight of 430L). Considering all of the C present, including that from 
Ti(C,N), that from the 430L matrix and the additional C added, the total mass percentage of C 
varied between 3.99 wt% for the sample with no additional C and 4.62 wt% for the sample 
containing 1.0 wt% C added. The total percentage variation in C did not vary much because most 
of the C was due to the presence of Ti(C,N). The dotted vertical lines drawn in the diagram 
correspond to these percentages. 
According to the phase diagram, the following phases appear to be stable in the different regions: 
ferrite, austenite, sigma, Ti(C,N) and carbides M23C6 and M7C3. The phase diagram indicates the 
presence of the Ti(C,N) phase with mass percentages corresponding to the stoichiometry of 
approximately Ti(C0.5N0.5) in most of the phase fields, which is an indicator that the phase diagram 
is a good first attempt at representing the system 430L/Ti(C,N) because Ti(C,N) was not 
introduced as a compound in the calculation, and only the individual elements Ti, C and N, in the 
amounts present in the mixture, were introduced. Therefore, even though the equilibrium phase 
diagram remains a first approximation, it can still be considered valid for the present discussion. 
 
 
Figure 1 Equilibrium phase diagram for a material with a composition of (a) 430L stainless steel, and (b) 
430L + Ti(C,N) 50 vol% as a function of C content (wt%). 
 
 
Some important aspects of the phase diagram to consider that will be discussed later in view of the 
properties of the cermet materials are the following: (1) the solidus temperature appears to be 
lower in the phase diagram for the case when Ti(C,N) is considered (Figure 1b) compared to the 
solidus temperature in the 430L phase diagram (Figure 1a); (2) the solidus temperature decreases 
with increasing C content in the steel matrix in both phase diagrams; (3) at room temperature 
(considering that the phases found at room temperature are the same as those at 500 °C), in 
samples with no additional C addition and with 0.25 wt% C added, the σ phase is formed; and (4) 
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carbide M23C6 is found at room temperature for all of the compositions, but carbide M7C3 is formed 
only in the sample with 1 wt% of added C.  
 
3.2 Differential thermal analysis (DTA) 
 
Figure 2 shows the heating range of the DTA curves for mixtures of 430L matrix and TiCN with 
different carbon additions up to temperatures of 1700ºC, as well as the DTA curve for the 430L 
steel matrix without any reinforcement. The curve corresponding to the 430L steel matrix without 
reinforcement shows only one peak at 1518 °C, corresponding to the melting point, which agrees 
quite well with values reported in the literature. This temperature is also in accordance with the 
liquidus temperature obtained (1506 °C) in the stainless steel phase diagram calculated using the 
Thermocalc software (Figure 1a). When Ti(C,N) is added to the 430 matrix, the superposition of 
two peaks can be distinguished, and they appear at a lower temperature than they do for plain 
430L. As the carbon content increases, these two peaks become more defined and further apart, 
and in the materials with the highest carbon content (0.75 wt% and 1 wt%), the emergence of a 
third peak is observed.  
 
 
Figure 2 Comparison of DTA heating curves of mixtures [430+x wt% C]/ Ti(C,N) (x = 0, 0.25, 0.5, 0.75, 1.0) 
and 430L stainless steel. 
 
Figure 3 shows the cooling range of the DTA curves, where all of the peaks are exothermic. The 
curve corresponding to the plain stainless steel shows only one peak at a lower temperature than 
the endothermic peak in the heating curve. In the curve corresponding to the cermet 430/ Ti(C,N) 
without C added, again, the superposition of two peaks appears, as well as in the curve for the 
sample with 0.25 wt%. The DTA curves for the samples with higher C amounts exhibit a third peak. 
The appearance of the same peaks in the heating and cooling curves indicates that those peaks 
correspond with reversible reactions, such as melting and solidification of species or phase 
transformations.  
 
 
Figure 3 Comparison of DTA cooling curves of mixtures [430+x wt% C]/ Ti(C,N) (x = 0, 0.25, 0.5, 0.75, 1.0) 
and 430L stainless steel. 
 
Interpreting the DTA measurements with the aid of the calculated phase diagrams, the following 
observations can be made. The solidus and liquidus temperatures of the stainless steel decrease 
with increasing carbon content, and the difference between these two temperatures increases with 
increasing carbon content. In Figure 4, the solidus and liquidus temperatures calculated using the 
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Thermocalc phase diagram of the cermet are shown with respect to the C content. The difference 
between the two temperatures with no C addition is 45 ºC. Such a difference is too small to be 
distinguished by two distinct peaks in the DTA measurement; hence, the two peaks appear to be 
superimposed. This is in accordance with the DTA curve for the sample 430/ Ti(C,N) (Figure 2), 
where the superposition of two peaks can be distinguished.  
 
Figure 4 Liquidus and solidus temperatures of the cermet 430/ Ti(C,N) with respect to the C content 
calculated from the Thermocalc phase diagram.  
 
For 0.25 % and 0.5 % added C, the difference between the solidus and liquidus temperatures in 
the phase diagram is approximately 65 ºC, and some changes are observed in the DTA curve.  
The two peaks become more defined, possibly because DTA measurement can detect both 
temperatures because of this wider region in the diagram. Nevertheless, examining both the 
heating and cooling curves (Figure 2 and Figure 3), the cooling curves of both materials show two 
peaks, one of which is wider. Examining the solid state transformations represented in the phase 
diagram for these compositions closely, it appears possible that the wider peak could itself be due 
to the superposition of two separate peaks, one corresponding to the solidus temperature and the 
second corresponding to the transformation of α to γ.  
 
In the DTA curves of the samples with higher C percentages, 0.75 %C and 1.0 %C, three peaks 
can clearly be distinguished, one at approximately 1380 ºC, the second at 1400 ºC and the third at 
approximately 1500 ºC.  These peaks could correspond to the liquidus temperature, the solidus 
temperature and the α→γ transformation. However, for these compositions, the temperatures for 
the transitions observed in the DTA curves are not in accordance with the transition temperatures 
observed in the calculated phase diagram.  
 
Although the Thermocalc phase diagram could be a very good first approximation at describing the 
high-temperature behaviour of this system, the phase diagram does not accurately represent the 
experimental system. The software takes into account the equilibrium stoichiometric composition of 
Ti(C,N), namely, Ti(C0.5N0.5), in the calculation of the phase diagram. Nevertheless, as will be 
explained in the following section in more detail, during sintering, the stoichiometry of this 
compound could change. Hence, the amount of C and N available would be affected, and this 
would modify the phase diagram and subsequently the liquidus and solidus temperatures. As a 
result, the regions shown in the diagram differ in terms of C percentage. This could explain 
possible discrepancies between the temperatures of phase transitions in the calculated phase 
diagrams and the DTA experiments. 
 
3.3   Characterisation of sintered samples 
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The microstructures of the sintered samples with different C amounts are shown in Figure 5. Two 
distinct phases are visible. The grey phase corresponds to the stainless steel matrix, and the black 
phase corresponds to the Ti(C,N) particles. At first glance, the microstructures of the cermets with 
increasing C amount appear to be quite similar and do not show remarkable differences. Only the 
stainless steel matrix of the sample with 1 wt% C shows two different tones, due to the presence of 
the M3C7, the formation of which was predicted in the phase diagram. In addition, examining all of 
the microstructures carefully, it is possible to observe that the samples without C or with low 
amounts of C have a more heterogeneous microstructure, while the sample with 0.5 wt% C has a 
clean and homogeneous microstructure. These differences in the microstructure could be 
explained in terms of the different thermal behaviours of mixtures of 430/Ti(C,N) with different C 
percentages, taking into account the characteristic sintering mechanism of Ti(C,N)-based cermets 
[16].   
Ti(C,N)-based cermets are sintered by liquid-phase sintering, and the mechanism involves a 
dissolution-precipitation process. During liquid-phase sintering, the metallic matrix dissolves some 
of the Ti(C,N) particles, which reprecipitate again during cooling [18]. As seen previously, 
increasing the C content decreases the liquidus temperature of the stainless steel; therefore, each 
cermet will exhibit a different sintering mechanism, which will be reflected in its microstructure, 
especially in terms of Ti(C,N) particle shape and composition.  
Ti(C,N) is a compound with an FCC NaCl-type structure, with C and N atoms situated randomly in 
octahedral sites [17]. The dissolution and reprecipitation of Ti(C,N) particles during sintering results 
in dissolution of C or N from the Ti(C,N) structure toward the metallic matrix. This causes changes 
in the stoichiometry and composition of the Ti(C,N) particles, which are reflected in changes in the 
Ti(C,N) lattice parameter.  
 
Figure 5 SEM microstructures of [430 + x wt% C]/ Ti(C,N) (x = 0, 0.25, 0.5, 0.75, 1.0) samples sintered at 
1450 °C for 60 minutes in a vacuum. 
 
Figure 6 shows XRD analyses of the [430 + x %wt C]/ Ti(C,N) (x = 0, 0.25, 0.5, 0.75, 1.0) sintered 
samples. These analyses do not demonstrate any difference in the phases present in materials 
with different amounts of C. All of the XRD diffractograms exhibit peaks that correspond to ferrite 
and Ti(C,N), while no peaks corresponding to a sigma phase or carbides are visible, most likely 
because if they are present, they constitute a relative low percentage in the samples. Although no 
differences in the phases formed were detected in the XRD analysis, there is a displacement of the 
diffraction angle of the peaks corresponding to the Ti(C,N) phase, depending on the carbon 
content of the samples. This displacement is associated with changes in the Ti(C,N) stoichiometry 
due to its dissolution during the sintering process, which is reflected in the change of the Ti(C,N) 
lattice parameter with increasing C content.  
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Figure 6 XRD analysis of [430 + x wt% C]/ Ti(C,N) (x = 0, 0.25, 0.5, 0.75, 1.0) sintered samples. 
 
Figure 7 shows the lattice parameter of [430 + x wt% C]/Ti(C,N) (x = 0, 0.25, 0.5, 0.75, 1.0) 
sintered samples calculated from the angle of diffraction obtained from XRD analysis. For 
comparison, the lattice parameter of the Ti(C0.5N0.5) starting powder, obtained prior to mixture with 
the metallic matrix and fabrication of the sintered samples, is also plotted. The lattice parameter of 
the samples with 0 and 0.25 wt% C is lower than the lattice parameter of the starting powder of 
Ti(C0.5N0.5), which was found to be 4.2855 Å. This is most likely due to dissolution of C from Ti(C,N) 
particles toward the metallic matrix during sintering, as mentioned earlier. The lattice parameter of 
the sample with 0.5 %wt C is quite similar to the lattice parameter of the starting powders, which 
suggests a slight change in the Ti(C,N) particles during sintering. This agrees quite well with the 
observations of the microstructure of this sample, which exhibits Ti(C,N) particles with cubic shape. 
The lattice parameter of the sample with 0.75 wt% C exhibits the highest value, whereas an 
increase in the percentage of C to 1 wt% corresponds to a decrease in the lattice parameter to its 
lowest value observed in this study, 4.2708 Å. An increase in the lattice parameter for 0.75 wt% C 
could be due to dissolution of C from the metallic matrix toward Ti(C,N) particles, due to an excess 
of C in the matrix.  However, when the carbon content is increased to 1 wt%, according to the 
phase diagram, the C content is now sufficient for the formation of M7C3 carbide.  Therefore, that 
carbon is consumed in the formation of this carbide, and there is no excess of C in the metallic 
matrix.  As a result, the stoichiometry of Ti(C,N) changes (it now contains less C) due to the 
formation of the carbide M7C3. 
 
 
Figure 7 Lattice parameter of Ti(C,N) particles in [430 + x %wt C]/TiCN (x = 0, 0.25, 0.5, 0.75, 1.0) sintered 
samples and lattice parameter of TiCN starting powder.   
 
In Figure 8, the values of the hardness and relative density of the sintered samples of the cermets 
with increasing C amounts are represented. These values are a reflection of their thermal 
behaviour, microstructures and composition. The highest relative densities are achieved in the 
samples with higher C contents, due to their lower liquidus temperature, which implies better 
densification during sintering. The samples containing 0 and 0.25 wt% C exhibit the lowest 
hardness values, most likely due to the presence of a sigma phase and their heterogeneous 
microstructure. The highest hardness is measured for the sample with 0.5 wt% C, due to its 
homogeneous microstructure. The lowest hardness is measured for the sample with 1 wt%, most 
likely due to the presence of M7C3 carbide.  
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Figure 8 Relative density and hardness of [430 + x %wt C]/ Ti(C,N) (x = 0, 0.25, 0.5, 0.75, 1.0) sintered 
samples 
 
 
4. Conclusions 
 
In this paper, the influence of carbon content on the thermodynamic and thermal behaviour of 
sintered samples of a stainless steel matrix cermet was investigated. The main conclusions are the 
following: 
 
 Thermodynamic calculations and data from thermal analysis of the samples show good 
agreement. The combination of the two techniques is helpful in understanding the 
differences observed among sintered samples with different C contents. 
 Due to the nature of the sintering mechanism of Ti(C,N)-based cermets, dissolution and 
reprecipitation of Ti(C,N) particles, the composition and shape of the reinforcement is 
influenced by the thermal behaviour of the sample. 
 The hardest sample was the one containing 0.5 wt% C. This sample had a homogenous 
microstructure with cubic Ti(C,N) particles, and its lattice parameter was quite similar to the 
lattice parameter of the starting powder.  
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Table 1. Characteristics of the raw materials, from supplier data and experimental data. 
 
 
 
 
 
 
 
 
 
 
 
Raw material Supplier 
Supplier data Experimental data 
Density 
(g/cm
3
) 
Particle size 
(µm) 
Density 
(g/cm
3
) 
Particle 
size (µm) 
Ti(C,N) H. C. Starck 5.03 D50 = 2.0–4.0 5.12 
D50 = 4.6 
D90 = 9.3 
Stainless 
Steel 430L 
Osprey 7.50 D90 < 16 7.70 
D50 = 8.5 
D90 = 16.2 
Table(s)
 Figure 1 Equilibrium phase diagram for a material with a composition of (a) 430 stainless steel, 
and (b) 430 + Ti(C,N) 50 vol%, as a function of C content (wt %). 
 
 
Figure 2 Comparison of DTA heating curves of mixtures [430+x wt% C]+Ti(C,N) (x = 0; 0.25; 
0.5; 0.75; 1.0) and 430 stainless steel. 
 
 
Figure(s)
 Figure 3 Comparison of DTA cooling curves of mixtures [430+x wt% C]+Ti(C,N) (x = 0; 0.25; 
0.5; 0.75; 1.0) and 430 stainless steel. 
 
 
Figure 4 Liquidus and solidus temperatures of the cermet 430/Ti(C,N) with respect to the C 
content calculated from the Thermocalc phase diagram. 
 
Figure 5 SEM microstructures of [430 + x wt% C]/Ti(C,N) (x = 0; 0.25; 0.5; 0.75; 1.0) samples 
sintered at 1450°C during 60 minutes under vacuum. 
 
 Figure 6 XRD analysis of [430 + xwt%. C]/Ti(C,N) (x = 0; 0.25; 0.5; 0.75; 1.0) sintered samples 
 
Figure 7 Lattice parameter of TiCN particles in [430 + x%wt. C]/Ti(C,N) (x = 0; 0.25; 0.5; 0.75; 
1.0) sintered samples and lattice parameter of Ti(C,N) starting powder. 
 
 
Figure 8 Relative density and hardness of [430 + x%wt. C]/Ti(C,N) (x = 0; 0.25; 0.5; 0.75; 1.0) 
sintered samples. 
 
